The radical telomerizations of acrylamide were carried out in water under UV irradiation in the presence of disulfide iniferters. The number-averaged molecular weights of the oligomers prepared using DTPA ranged from 41 to 54 kDa, and increasing telomerization time tended to decrease the molecular weight. The average number of functional end groups per one oligomer molecule, which was estimated from the total sulfur content and the number-averaged molecular weight, were in a range from 2.7 to 3.8. The result indicates that the sulfide DTPA acts as an iniferter to give the telechelic (α,ω-dicarboxyl) oligomers. The disulfide compounds caused easily the chain-transfer reaction in the order DTPA, DTA, DTBA. It is remarkable that the polymerization degree is controllable by changing the ratio of monomer and iniferter concentration, which means that the telomerization proceeded in the similar manner as a living radical polymerization.
Introduction
In recent years, as ecological non-solvent systems, in-water reactions have drawn widespread attention in the adhesion and paint industries. [1] [2] [3] Water-soluble polymers such as acrylamide homopolymer and the copolymer with 2-acryloylethyltrimethylammonium chloride are attractive materials in environment-friendly process. [4] Otsu et. al reported on polymer design by "iniferter technique" in radical telomerization. [5] They found that various sulfides and disulfides could serve as efficient photo-assisted and thermal iniferters. [6] The use of well-designed iniferters gave polymers and oligomers bearing controlled functional end groups, "telechelic oligomers".
In the present article, a photo-assisted radical telomerization of acrylamide using disulfides having a functional group as an iniferter will be described. Photo-assisted radical telomerizations of acrylamide (1.38 mol/L) were carried out in water for 180 minutes at room temperature under UV irradiation in the presence of iniferters ranging in concentration from 4.0 to 240 mmol/L (DTA), from 2.7 to 2162 mmol/L (DTBA), and from 4.7 to 286 mmol/L (DTPA).
Experimental

Measurements
Infrared spectra were recorded on a JASCO VALOR III Fourier transform spectrometer. The 1 H NMR spectra were obtained using a JEOL JNM-LA 500 spectrometer. The gas-liquid chromatograms were recorded using a Shimadzu GC-2010 chromatograph. The mass spectral analysis was done using a Shimadzu GC-MS QP2010 apparatus. The monomer conversion was evaluated using a TOSOH 8000 HPLC apparatus equipped with a TSK gel-ODS column. Numberand weight-averaged molecular weights and the molecular weight distribution of the oligomers were determined by gel permeation chromatography (GPC) on a TOSOH 8000 apparatus with TSK gel-G50000PWXL and G-3000PWXL columns calibrated with polyethylene oxide standards using a 0.1 M phosphate buffer solution as an eluent. The total sulfur content of the prepared oligomer was determined by Pararosaniline method. [10] The samples prepared using DTPA as an iniferter were burned in a stream of oxygen with vanadium pentoxide. The sulfur was converted to sulfur dioxide, which was absorved 0.2 M Na 2 HgCl 4 solution, and determined photochemically with pararosaniline and formaldehyde at 560 nm.
Results and Discussion
Synthesis of Disulfide Iniferters
Three kinds of disulfide compounds were synthesized according to the literatures and used as an iniferter for the photo-assisted radical telomerization of acrylamide. The structures together the abbreviations were shown in Figure 1 . The melting points of p-dithiodianiline (DTA) and 2,2'-dithiodibenzoic acid (DTBA) agreed with the literature data, however, that of β,β'-dithiodipropionic acid (DTPA) prepared in the present study was lower than the literature value by 5 o C. This result means that the product in DTPA preparation contained significant amounts of the impurity. The purity was checked by gas-liquid chromatography after converted into the corresponding methyl esters with diazomethane, and the purity was estimated to be 86%. The impurity was identified as β,β'-trithiodipropionic acid (TTPA) using GC-MS and 1 H-NMR. DTPA was used as the iniferter for the telomerization of acrylamide without further purification. 
Photo-assisted Radical Telomerization of Acrylamide in Water
In order to estimate the averaged number of end functional groups in the oligomers, the molecular weights were measured by GPC (SEC) (0.1 M aqueous phosphate buffer solution as an eluent) after calibration with standard poly(ethylene oxide)s. The molecular weights of acrylamide oligomers prepared by telomerization in water using DTPA are listed in Table 1 together with the molecular weight distribution. The number-averaged molecular weights (Mn) of the oligomers range from 41 kDa to 54 kDA, and increasing telomerization time tends to decrease the molecular weight. Table 1 . Molecular weights and molecular weight distribution of acrylamide oligomers prepared by photo-assisted radical telomerization in water using DTPA as an iniferter.
Photo-assisted radical telomerization of acrylamide using disulfide compounds (DTA ､ DTBA､DTPA) as iniferters in water is assumed to proceed according to a mechanism illustrated in Scheme 1. The mechanism was verified by estimating the averaged number of functional end groups in one molecule of the oligomer. The total sulfur content of the prepared oligomer was determined by Pararosaniline method. [10] Scheme 1. Photo-assisted radical telomerization of acrylamide using a disulfide iniferter.
The results are listed in Table 2 along with the number-averaged molecular weights (Mn). S/AAm denotes the number of mmoles of sulfur per acrylamide monomer and S/oligomer is the averaged number of sulfur atoms in one oligomer molecule. When the telomerization of acrylamide is assumed to obey the mechanism described above, S/oligomer must be 2.00. Practically, the theoretical value of S/oligomer is 2.14, because DTPA contained 14% of TTPA which has three successive sulfur linkage. Table 2 . The average number of functional groups at the end of acrylamide oligomer.
The average number of functional groups at the end of acrylamide oligomer molecule (S/oligomer) is estimated to range from 2.7 to 3.8 based on the total sulfur content and the number-averaged molecular weight. The result indicates that the sulfide compound DTPA acted as an iniferter in the telomerization of acrylamide in water to give telechelic (α,ω-dicarboxyl) oligomers, while synthesis of telechelic polystyrene in benzene using disulfide iniferters has been reported by Pierson and Okamoto.[8, 9] The structure of acrylamide oligomer prepared by TTPA-initiated radical telomerization.
It is estimated that the resulting oligomers contained TTPA-initiated ones illustrated in Figure  2 as minor products.
Detemination of Chain-transfer Constant (Cs) of Disulfide Iniferters
Iniferters have a role as chain-transfer agent in the radical polymerization system. The The Mayo-plots of 1/P n versus [S]/[M] are shown in Figure 3 , and the straight lines with slope Cs and intercept 1/P 0 on the y-axis are given. The Cs values are listed in Table 3 along with the literature data obtained in the radical telomerization of styrene in benzene using the corresponding disulfide as an iniferter without light irradiation. [8, 9] In the photo-assisted radical telomerization of acrylamide in water, the disulfide compound caused easily the chain-transfer reaction in the order DTPA, DTA, DTBA. The order may result from the binding energy of S-S and S-C bonds of the iniferter and the oligomer, further the stability of sulfur radical formed by the homolytic bond cleavage. It is remarkable that in this system the polymerization degree is controllable by changing the ratio of monomer and iniferter concentration [M]/[S], which means that the telomerization proceeds in the similar manner as "living radical polymerization" of styrene in organic solvent using the sulfide iniferter. It was also found that not only bis-arylsulfides such as DTA and DTBA but also a bis-alkylsulfide like DTPA acted as an iniferter and that gave acrylamide oligomer efficiently. It is difficult to prepare the oligomer by conventional radical polymerization of acrylamide because the propagation rate (k p ) is extremely high. In the present study it was revealed that the telechelic oligomers having a wide range of controlled molecular weights could be obtained easily by the photo-assisted living radical telomerization in water using disulfide iniferters. Table 3 . Chain-transfer constant Cs of disulfide iniferters in the radical telomerization of acrylamide in water.
Conclusion
Three kinds of disulfide iniferters were synthesized and used for the photo-assisted radical telomerization of acrylamide. The molecular weights of acrylamide oligomers prepared by the telomerization in water using DTPA ranged from 41 kDa to 54 kDa, and increasing telomerization time tended to decrease molecular weight. The mechanism was verified by estimating an average number of functional end groups in an oligomer molecule, and the values were in a range from 2.7 to 3.8 based on the total sulfur content and the number-averaged molecular weight. The result indicates that the sulfide compound DTPA acted as an iniferter to give the telechelic (α,ω-dicarboxyl) oligomers. The disulfide compound caused easily the chain-transfer reaction in the order DTPA, DTA, DTBA. It is remarkable that the polymerization degree is controllable by changing the ratio of monomer and iniferter concentration [M]/[S], DTA 0.522 0.24 [8] styrene benzene DTBA 0.111 0.11 [9] styrene benzene DTPA 0.711 � --iniferter Cs literature which means that the telomerization of acrylamide in water proceeded in the similar manner as "living radical polymerization". In the present study, a living radical telomerization of acrylamide in water using disulfide iniferters having a functional group has been achieved successfully. The developed in-water reaction is attractive as an environment-friendly system and the resulting water-soluble oligomers have been a promising material in the adhesion and the paint industries.
